Transposable elements (TEs) are ubiquitous in plants and are the primary genomic component of the majority of taxa. Knowledge of their impact on the structure, function and evolution of plant genomes is therefore a priority in the field of genomics. Rice, as one of the most prevalent crops for food security worldwide, has been subjected to intense research efforts over recent decades. Consequently, a considerable amount of genomic resources has been generated and made freely available to the scientific community. These can be exploited both to improve our understanding of some basic aspects of genome biology of this species and to develop new concepts for crop improvement. In this review, we describe the current knowledge on how TEs have shaped rice chromosomes and propose a new strategy based on a genome-wide association study (GWAS) to address the important question of their functional impact on this crop.
I. Introduction
Transposable elements (TEs) are ubiquitous components of eukaryotic genomes. In flowering plants, their contribution to genome size variation has been documented in many studies, and it is now clearly established that transposition is the main factor responsible for such variation, besides polyploidy (Bennetzen & Wang, 2014) . Fig. 1 shows the distribution of genome size for 6000 plant species (https://cvalues.science.kew.org/). Considering that the gene space in diploid genomes occupies c. 100-200 Mbp, the large extent of variation in this distribution, the peak observed at c. 700 Mbp, and the median at c. 2 Gbp suggest that the majority of plant genomes are composed mostly of TEs or TE-related sequences. This has been confirmed by the many plant genome sequencing projects completed so far (see Chen et al., 2018 for review) . For instance, while < 10% of the small genome of the Ó 2019 The Authors New Phytologist Ó 2019 New Phytologist Trust New Phytologist (2020) 1 www.newphytologist.com model species Arabidopsis is composed of TEs (AGI, 2000) , TEs make up > 90% of the large genome of hexaploid wheat (Wicker et al., 2018) . The dynamics of the process through which TEs actually shape plant chromosomes are not so well understood. A comparative study among several plant genomes showed that most TE-related sequences arose from recent insertions (within the last 2 Myr, El Baidouri & Panaud, 2013) suggesting that older ones were eliminated from the genomes and therefore that there should exist a force counterbalancing TE-driven genomic expansions, which we formulated earlier in an 'increase/decrease' model (Vitte & Panaud, 2005) and which was recently addressed more specifically through mathematical models (Dai et al., 2018) . The dynamics of such processes (i.e. that of genomic amplification vs TE elimination) are yet to be fully understood.
In addition, the ubiquitous nature of TEs in plant genomes raises the overarching question of their biological impact and how transposition at large could contribute to plant biodiversity. TEs have long been considered mutagenic agents that impede gene function upon insertion into coding sequences, as exemplified by their early discovery as the causal agent of pigmentation loss in maize kernel by McClintock (1953) . This negative view has since been challenged by several reports showing that transposition may in fact benefit an organism by regulating gene expression either by providing alternative promoters or novel cis-acting regulatory sites, or by acting as epigenetic mediators (Mirouze & Vitte, 2014; Hirsch & Springer, 2017) . Moreover, two reports in mammals implicate TE amplification in the emergence of important biological novelty (i.e. placental pregnancy (Lynch et al., 2011) and innate immunity (Chuong et al., 2016) ) indicating that transposition can be an important driver of eukaryote evolution through the rewiring of gene networks resulting in novel traits. In crops, there are few examples for which TEs are implicated in the variation of agronomic traits, such as fruit shape in tomato (Xiao et al., 2008) , and red pigmentation in apple (Zhang et al., 2019) . However, the extent to which TE-driven genetic variation could be exploited agronomically remains to be established for all crops.
Rice is the staple food for billions of people among the world's poorest populations. This cereal has therefore been subjected to intense research efforts over recent decades in order to secure food production world-wide. Consequently, a considerable amount of resources and knowledge have been generated for this species for all aspects of the biology of the plant. In particular, a high quality physical-map based genomic sequence of the rice variety 'Nipponbare' was the first crop genome to be released (IRGSP, 2005) . As of today, high quality genome assemblies have been made available for five additional rice varieties (Song et al., 2018) . The release of the genomic sequence for 3000 rice genomes was an important milestone for rice research, giving access to the diversity of a crop at an unprecedented scale and providing a new approach for accelerating gene discovery through association studies (Rice genome project, 2014). Finally, the release of 10 genome assemblies for several wild relatives of rice allows the study of the evolution of a plant genome over 15 Myr (Stein et al., 2018) . In addition to providing rice biologists with new, efficient tools with which to develop future varieties, these resources have allowed us to decipher some basic aspects of TE-driven genome dynamics in rice, from long-term evolutionary aspects to their contribution to the genomic diversity of the crop following its domestication.
In this article, we first provide a synthetic view of these advances and then propose a new strategy to investigate the biological impact of TEs in rice, taking advantage of the genomic resources available for this model crop species.
II. Rice transposable elements
As in any other plant species, the rice genome harbours most known types of TEs as defined by Wicker et al. (2007) -for example, LTRretrotransposons (Hirochika et al., 1996; Chaparro et al., 2007) , transposons (Panaud et al., 2002) , miniature inverted-repeat transposable elements (MITEs) (Jiang et al., 2004) , long interspersed elements (Komatsu et al., 2003) , short interspersed elements (Tsuchimoto et al., 2008) and terminal-repeat retrotransposon in miniatures (Gao et al., 2016) . Altogether, TE-related sequences make up c. 40% of the rice genome (Jiang & Panaud, 2013) . Interestingly, this contrasts with the scarcity of known active TEs in rice, where 'activity' is defined as their mobility under clearly defined and repeatable experimental procedures. These are three retrotransposons -Tos17 (Hirochika et al., 1996) , Lullaby (Picault et al., 2009) and Karma (Komatsu et al., 2003) -that can be activated during callus vitro culture. Additionally, the transposon nDart can be activated when rice plants are treated with methylation inhibitor (Eun et al., 2012) , and mPing can be activated using laser irradiation (S. . To date, there is no other TE family among the hundreds that the rice genome harbours for which such direct evidence of activity has been established. However, Oryza genomes harbour traces of strong transpositional activity for many families (Copetti et al., 2015) . This paradox can only be solved when the conditions of the activation of transposition in natura are fully elucidated.
III. TE activity in Oryza lineage
The first comparative genomic analyses in the genus, focusing on several key loci such as ADH (Ammiraju et al., 2007) , Hd1 (Sanyal et al., 2010) New Phytologist conservation of synteny among Oryza species, but with very limited correspondence in intergenic regions. A close examination of these loci confirmed that these regions were mostly comprised of TEs. These early reports therefore suggested that the rate of TE-driven genomic turnover was high, with effects observable at a moderate evolutionary timescale (< 3 Myr). Such turnover could only arise from the combined effect of successive waves of transposition that would quickly be eliminated from the genome through deletion or recombination, as posited by the increase/decrease model mentioned in the Introduction section. This was further illustrated by several genomic studies: Piegu et al. (2006) and Ammiraju et al. (2007) indeed showed that large and rapid genome size increases in Oryza australiensis and Oryza granulata, respectively, could be accounted for by the activity of LTR-retrotransposons. Interestingly, such dramatic genomic invasions occurred following speciation in both lineages, which provides indirect evidence that TEs may contribute to a large extent to lineage-specific genomic differentiation. This interpretation was further supported by the comparative analysis of eight A-genome Oryza species showing differential transpositional activity of several families among lineages within the last million years (Zhang & Gao, 2017) . More recently, the sequencing and assembly of the genome of 10 relatives of rice (Stein et al., 2018) provided a better view of the evolutionary fate of TE-related sequences: a comparative survey of orthologous insertions of LTR-retrotransposons among the species of the Agenome type (i.e. the most closely related to cultivated rice) allowed estimation of the elimination rate of TE-related sequences through deletions. This estimation translated into a half-life of 1.2 Myr, which is much faster than what had been established earlier for Drosophila (14 Myr) and mammals (> 800 Myr). Together, these studies provide an explanation for earlier observations by providing an estimation of the parameters of the increase/decrease model. One consequence of this is that TE-driven genomic turnover in the Oryza lineage occurs at such high rate that it may lead to genomic diversification within species. When it comes to rice, this may be of primary importance if one considers that TE-associated structural variation may have a biological impact that could be exploited if at least part of it could be agronomically favorable, as we will show in the fifth section of this article.
IV. TE activity in cultivated rice
As mentioned above, only a few TE families were shown to be transpositionally active in cultivated rice. However, earlier studies clearly showed that TEs could contribute to the genetic diversity of the crop; for example, the mPing MITE was found to be polymorphic between 'Indica' and 'Japonica' varieties (Jiang et al., 2003) . The release of genomic sequences of 3000 rice varieties (Rice Genome Project, 2014) provided a unique opportunity to tentatively estimate at what level TEs actually contribute to the genomic diversity of the crop in the recent past. The identification of TE insertion polymorphisms (TIPs) from large datasets requires the development of suitable software that is fast and has a low false discovery rate (FDR). Several methods have been recently developed for this purpose. RELOCATE2 (Chen et al., 2017) is based on parsing mapping files of paired-read Illumina sequences against a reference genome. It was used recently to track the transpositional activity of the mPing MITE in the 3000 rice genomes (Chen et al., 2019) . Carpentier et al. (2019) developed a new software package, TRACKPOSON, that was used to identify retrotransposon TIPs among the 3000 rice genomes (Rice genome project, 2014). This method is a two-step procedure consisting of first mapping the Illumina reads onto a consensus TE sequence and then mapping the un-mapped paired reads onto the reference rice genome. This method was found to be very fast, reliable and particularly well suited to large datasets such as the 3000 rice genomes. The authors showed that the three retrotransposon families that are known to be active in vitro (i.e. Tos17, Lullaby and Karma) are polymorphic in the cultivated gene pool, thus confirming that these TEs may in fact be active in planta and in agro. Surprisingly, the 32 TE families that were investigated in that study are also polymorphic. This may be a result of lineage sorting of polymorphisms that existed prior to domestication in the wild populations of rice progenitors, or of the fact that these families have been transpositionally active since domestication. In fact, the latter possibility is more parsimonious since most of the TIPs
Box 1 The rationale for a transposable element (TE)-genome-wide association study (GWAS).
Since the late neolithic and development of agriculture some 10,000 years ago, farmers have moved many crops outside their centers of origin to new and often extreme environments. Only crops that could adapt to these adverse conditions were retained in production. In this regard, germplasm collections and in particular traditional varieties represent a reservoir (mostly untapped) of genetic factors involved in adaptation.
TEs are known to be activated upon stress. Our model posits that transposition was triggered during the early phase of crop dissemination due to the stresses of domestication and adaptation to new environments. Some TEs (e.g. the LTR-retrotransposons) harbour promoters that can be stress-inducible. On the other hand, other TEs, such as MITEs, have been found to frequently contain transcription factor binding sites, which in some cases can wire new genes into stress-regulatory networks.
Thus, while grown in new and adverse conditions, crops accumulated new copies of TEs, thereby spreading new stress-inducible promoters throughout their genomes.
In some instances, the genomic amplification of new regulatory sequences may have lead to the re-programming of gene networks, resulting in new phenotypes. We anticipate that some TE insertions are causative of adaptive traits and may not be tagged by SNPs, due to recent movement, and, thus, can only be detected using the TIPs themselves as markers.
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New Phytologist (2020) www.newphytologist.com identified are shared by very few rice varieties, most being private. More recently, Fuentes et al. (2019) conducted an exhaustive search of structural variations (SVs) among the 3000 rice genomes. For this, the authors benchmarked available software programs, combining several of them into a single pipeline that yielded over 63 million SVs of various origins, 8.7% of which were found to be TE-related. One conclusion of these studies is that transposition did indeed contribute to the diversity of cultivated rice. The next task is to investigate the putative biological impact of these polymorphisms.
V. TE-GWAS -a new strategy to unravel the functional impact of TEs at species level
Until recently, gene discovery in crops relied on the use of map-based cloning (Tanksley et al., 1995) . However, the advent of multigenome sequencing projects has led to the development of new strategies based on genome-wide association surveys (Atwell et al., 2010) . In rice, the availability of such resources has fueled many such projects (Si et al., 2016; X. Li et al., 2017; Sales et al., 2017), demonstrating the efficiency of association studies in the crop. Given the availability of TIP data from the 3000 rice genomes for several TE families (Carpentier et al., 2019) , we propose a new strategy based on a genome-wide association survey in an attempt to unravel TE-associated genetic factors involved in agronomic traits in rice. This strategy is built on the rationale described in Box 1.
An important aspect of the TE-GWAS procedure is the risk of false discovery because of low allele frequency. The efficiency of GWAS is such that it is usually able to detect associations between traits and alleles with a minimum allele frequency (MAF) of at least 5% (Willard, 2013) . However, the majority of TIPs in rice are found at a much lower frequency (Carpentier et al., 2019) . Consequently, we had to adapt our method to this peculiarity of TE insertions. First, we applied a correction for genetic structure (Thornsberry et al., 2001) . Next, we implemented four validation criteria in order to limit the risk of false positive detection: application of a stringent threshold of an FDR < 1% for significance, followed by the selection of the top 10% most significant candidate insertions; selection of insertions in genic regions (excluding TIPs in TE-rich, pericentromeric regions, for example); selection of insertions with shows the SNP-GWAS using SNPs with minor allele frequencies (MAF) > 0.1. We identified a candidate SNP that is probably located downstream of the GW5 gene, a major gene for grain shape in rice (Weng et al., 2008) . The bottom left panel in (a) shows our TE-GWAS result using TIPs with minor frequencies (MF) > 0.01. Although it is not as saturated as the SNP map, the TIP dataset enabled the detection of significant associations (green dots) at two loci. One is in the GW5 region and was detected by an 'old' insertion of the LTR retrotransposon rn215-225, found in 306 accessions. The other one on chromosome 4, a 'recent' insertion of the same family, is found in only 12 accessions. (b) Box plot of grain width for the old and recent candidate insertions. The boxes represent the grain width variation between the first and third quartiles. The two whiskers represent the variation between the 'minimum' (Q1 -1.5(interquartile range(IQR))) and the 'maximum' (Q3 + 1.5(IQR)). Dots represent outliers. We observe that the varieties that hold the recent insertion exhibit a large grain (mean grain width c. 3.4 mm) compared to those without the insertion (mean grain width c. 2.8 mm), suggesting that this insertion has a strong effect on grain width. (c) Large (IRIS_313_9062; IRIS_313_11721) and narrow (IRIS_313_8935; IRIS_313_11887) rice grains.
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VI. A case study: GWAS of LTR-retrotransposon insertions associated with grain width in rice
We implemented TE-GWAS in rice using TIPs from the RN_215 LTR-retrotransposon family among 1132 accessions of Oryza sativa 'Indica'. The association study was performed using grain width as the phenotype (http://snp-seek.irri.org/). The results are shown in Fig. 2 . Interestingly, a major quantitative trait locus (QTL; GW5) that was previously characterized through map-based cloning (Weng et al., 2008) can be identified through classical GWAS (i.e. using SNP data as genotype; Fig. 2a) . The use of TE-GWAS allowed us to identify a significant negative correlation between TE insertion and grain width (Fig. 2a,b) on chromosome 5 at the GW5 locus. This insertion is found at high frequency (0.27) in the rice population and is probably in linkage disequilibrium with the genetic factor that causes the trait variation. In this regard, the TIP on chromosome 5 can be used as a genetic marker, like the other SNPs from the same region that show a significant association with the trait. More interestingly, another insertion found on chromosome 4 is highly significant (Fig. 2a) and is positively correlated with grain width (Fig. 2b) . There is no association between any SNP from the same region and the trait, suggesting that the insertion is recent, which is supported by the low frequency of the insertion (0.01). Although this result requires confirmation through wet-lab experiments (e.g. an expression study of nearby genes throughout panicle development and CRISPR-Cas9 removal of the RN_205 insertion from large seeded accessions), it nevertheless suggests that recent TE insertions may have led, to some extent, to the diversification of agronomic traits in rice.
VII. Conclusion
The availability of genomic resources for large germplasm collections opens a new perspective that can help us to understand some basic aspects of plant genome dynamics, as well as for the development of new strategies for gene discovery and crop improvement. Transposable elements, although ubiquitous in eukaryotes, have long been overlooked as important factors in genetic variation that could be beneficial for crops. The development of new strategies of genome-wide association surveys may help unravel some of the hidden heritability for major agronomic traits. In this context, rice, with unprecedented resources, will pave the way to the development of such new strategies.
